Model for the quasineutral region capacitance of p/n junction devices by Liou, J. J. et al.
University of Central Florida 
STARS 
Faculty Bibliography 1990s Faculty Bibliography 
1-1-1997 
Model for the quasineutral region capacitance of p/n junction 
devices 
J. J. Liou 
University of Central Florida 
J. Xue 
University of Central Florida 
X. Cao 
University of Central Florida 
W. Zhou 
University of Central Florida 
Find similar works at: https://stars.library.ucf.edu/facultybib1990 
University of Central Florida Libraries http://library.ucf.edu 
This Article is brought to you for free and open access by the Faculty Bibliography at STARS. It has been accepted for 
inclusion in Faculty Bibliography 1990s by an authorized administrator of STARS. For more information, please 
contact STARS@ucf.edu. 
Recommended Citation 
Liou, J. J.; Xue, J.; Cao, X.; and Zhou, W., "Model for the quasineutral region capacitance of p/n junction 
devices" (1997). Faculty Bibliography 1990s. 1990. 
https://stars.library.ucf.edu/facultybib1990/1990 
Journal of Applied Physics 81, 8074 (1997); https://doi.org/10.1063/1.365414 81, 8074
© 1997 American Institute of Physics.
Model for the quasineutral region
capacitance of  junction devices
Cite as: Journal of Applied Physics 81, 8074 (1997); https://doi.org/10.1063/1.365414
Submitted: 12 November 1996 . Accepted: 11 March 1997 . Published Online: 04 June 1998
J. J. Liou, J. Xue, X. Cao, and W. Zhou
Model for the quasineutral region capacitance of p /n junction devices
J. J. Liou, J. Xue, X. Cao, and W. Zhou
Electrical and Computer Engineering Department, University of Central Florida, Orlando, Florida 32816
~Received 12 November 1996; accepted for publication 11 March 1997!
The capacitance associated with free-carrier charge storage in the quasineutral region is a primary
factor in limiting the switching speed ofp/n junction devices. This capacitance has been
conventionally modeled using assumptions such as low-level injection, nondegeneracy, complete
impurity ionization, and no space-charge region thickness modulation. These assumptions can give
rise to a large error in device modeling, particularly for modern devices with very small geometry
and high bias conditions. In this article, a comprehensive quasineutral region capacitance model
including relevant device physics is developed. Comparisons between the present and conventional
models are made, and the effects of using these two different models on the total capacitance of
junction diode are also investigated. ©1997 American Institute of Physics.
@S0021-8979~97!01812-4#
I. INTRODUCTION
The switching speed of ap/n junction device~i.e., di-
ode, bipolar transistor, etc.! is often limited by the time re-
quired to supply or remove the minority-carrier charge stored
in the quasineutral region. In device modeling and circuit
simulation, such charge storage is represented by the
quasineutral region capacitance~QNR! CQNR.
1,2 Conven-
tionally, CQNR is modeled using the following four assump-
tions: ~1! low-level injection, ~2! no space-charge region
thickness modulation,~3! 100% impurity ionization~all im-
purity dopants are completely ionized!, and~4! nondegener-
ate material. Details of these assumptions will be discussed
later. Some studies have been reported in the literature con-
cerning an individual assumption,3–6 but a comprehensive
CQNR model derived without including all these assumptions
is not yet available.
This article develops a comprehensiveCQNR model in-
cluding relevant device physics. Issues such as different dop-
ing concentrations and applied voltages are addressed. De-
tailed comparisons between the present and conventional
models will be made, and the effects of using these two
different models on the total capacitance of junction diode
are also investigated.
II. MODEL DEVELOPMENT
In the following, we will focus on the quasineutral base
~QNB! region of ann/p junction diode at room temperature,
but the approach applies generally to other quasineutral re-
gions ofp/n junction devices. The quasineutral base region
capacitanceCQNB is defined by the change of the minority-
carrier chargeQQNB in the p-type QNB with respect to the
change of the applied voltageVA :
CQNB5dQQNB/dVA , ~1!
whereQQNB is given by
QQNB5E
Xp
XB
~n01Dn!dx. ~2!
Here XB is the position of base metal contact,Xp is the
space-charge region~SCR! edge in the base,n0 is the equi-
librium electron concentration and is related to the equilib-
rium hole concentrationp0 asn05ni
2/p0 ~ni is the intrinsic
free carrier concentration!, and Dn is the excess electron
concentration in the QNB. In the conventional approach,
Xp is assumed constant when taking the derivative with re-
spect toVA ~i.e., no SCR thickness modulation!, p0 is as-
sumed equal to the doping concentrationNA in the base~i.e.,
100% impurity ionization!, Dn is much smaller thanp0 in
the base~i.e., low-level injection!, and the base is not heavily
doped ~i.e., nondegenerate material!. Using these assump-
tions, the conventional QNB capacitance modelCQNB,con is
derived as
CQNB,con5~XB2Xp!Dn~Xp!~q/2VT!, ~3!
whereVT5kT/q ~k is the Boltzmann constant andT is the
absolute temperature! is the thermal voltage.
None of the above assumptions will be used in the
present model development given below.
A. All-level injection
The ambipolar transport equation~ATE! is a useful tool
to investigate the moderate- and high-level injection prob-
lems in semiconductor devices.7 It is derived from the elec-
tron and hole continuity equations and uses the condition that
charge neutrality exists in the quasineutral region even under
the nonequilibrium condition.8 For a constant base doping
concentration, the ATE can be expressed as
Da
d2Dn
dx2
1maj~x!
dDn
dx
1Gn2Rn50, ~4!
whereGn andRn are the electron generation and recombina-
tion rates, respectively,j is the electric field in the QNB
originating from moderate- and high-level injection,
Da5
DnDp~p1n!
nDn1pDp
.
DnDp@p012Dn~x!#
p0Dp1~Dn1Dp!Dn~x!
~5!
is the ambipolar diffusion coefficient, and
ma5
mnmp~p2n!
pmp1nmn
.
mnmpp0
mpp01~mn1mp!Dn~x!
~6!
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is the ambipolar mobility. In Eqs.~4!–~6!, Dn andDp are the
electron and hole diffusion coefficients,mn andmp are the
electron and hole mobilities, andn andp are the nonequilib-
rium electron and hole concentrations, respectively. Note
that j reduces to zero, andDa and ma reduce toDn and
mn , respectively, if low injection (p0@Dn) prevails in the
QNB. Also note thatp05NA if 100% ionization is assumed.
The electric field in~4! is a retarding field which hinders the
electron transport in the QNB and is a function of the total
current densityJ passing through the diode.3 The simplest
approach, which is used conventionally but not in the present
study, is to assumeJ50. For the case of a bipolar junction
transistor~BJT!, j is a function of the majority current den-
sity Jp passing through the QNB, and an empiricalJp model
was developed in Ref. 9 to analyze the BJT under high-level
injection.
Two iterative procedures are required to solve the ATE.3
The first one is used to calculaten(x) in the QNB based on
an assumedj, and the second is needed to calculate the cor-
rectj aftern(x) is solved. The correctn(x) in the QNB can
be obtained after several iterations, which can then be used
in Eqs.~1! and ~2! to calculate the QNB capacitance for all
levels of free-carrier injection.
Qualitatively, the inclusion of a high-level mechanism
will not affect CQNB at low voltages but will decrease
CQNB at high voltages. This is due to the fact that the number
of minority carriers in the QNB at high voltages is reduced
by the high-level injection effect.2
B. Incomplete ionization
A model for the equilibrium majority carrier densityp0
in the QNB is needed. It is assumed conventionally that the
impurity atoms are completely ionized~i.e., 100% ionization,
or p05NA! at room temperature based on the hypothesis that
the thermal energy is sufficiently large to break the hole from
thep-type impurity nucleus. This assumption is valid only if
the doping concentration is relatively low~i.e., less than
1017 cm23! and it becomes questionable as the doping con-
centration is increased.4 For example, at room temperature,
the impurity ionization percentages~i.e., p0 /NA! are about
80% and 40% forNA510
18 and 1019 cm23, respectively.4
The incomplete ionization model in thep-type QNB can be
derived from the condition of charge neutrality:
r505q~p02n02NA
2!, ~7!
wherer is the space charge density andNA
2 is the ionized
acceptor impurity density. Based on Boltzmann statistics
~i.e., for nondegenerate material!, the equilibrium electron
and hole concentrations in~7! can be expressed in terms of
the Fermi energyEF :
n05NC exp@~EF2EC!/kT#, ~8!
p05NV exp@~EV2EF!/kT#, ~9!
NA
25NA /$11gA exp@~EA2EF!/kT#%. ~10!
HereEC andEV are the conduction and valence band edges,
NC andNV are the effective densities of states for electrons
and holes,k is the Boltzmann constant,T is the absolute
temperature,EA is the acceptor energy, andgA is the degen-
eracy factor forEA . Combining the above equations, one can
numerically solveEF , and thusp0 andn0 , for any particular
NA .
As will be shown later, taking into account incomplete
ionization will increaseCQNB for a wide range ofVA . This is
because the majority carrier density is reduced by the incom-
plete ionization, which then results in an increase in the mi-
nority carrier storage in the QNB.
C. Degenerate material
For a semiconductor with a relatively high doping con-
centration~i.e., higher than 1017 cm23!, the Pauli exclusion
principle applies, and the nondegeneracy assumption used
conventionally becomes invalid. When the degeneracy is
considered, the Boltzmann statistics need to be replaced by
the Fermi statistics. In particular, Eqs.~8! and~9! need to be
changed to
n05NCF1/2@~EF2EC!/kT#, ~11!
p05NVF1/2@~EV2EF!/kT#, ~12!
whereF1/2 is the Fermi–Dirac integral of the order of 1/2.
The intrinsic free-carrier concentrationni is also affected by
the degeneracy becauseni5(n0p0)
0.5.
The degeneracy mechanism decreases the minority car-
rier density in the QNB and consequently decreasesCQNB.
D. SCR thickness modulation
Based on the assumption that the electrons and holes are
depleted in the SCR, the bias-dependent SCR edgeXp is
given by2
Xp5$2n0e~Vbi2VA!/@qp0~n01p0!#%
0.5, ~13!
where e is the dielectric permittivity and Vbi
5VT ln(n0p0 /ni
2) is the junction built-in potential. Note that
n0 and p0 , rather thanND ~n-type doping concentration in
emitter! andNA , were used in the above equation to include
the effects of incomplete ionization. It can be seen in~13!
thatXp depends weakly onVA ~i.e.,Xp}VA
0.5!. As a result, in
modeling the quasineutral base capacitance,Xp is conven-
tionally treated as a constant when taking a derivative with
respect toVA ~i.e., no space-charge region thickness modu-
lation!. Using this approach, the derivation ofdQQNB/dVA
becomes less complicated, and a simple expression shown in
~3! can be obtained. Such an assumption will not be used in
the present study, and the bias dependency ofXp will be
accounted for in the capacitance model.
It is apparent from the device physics thatCQNB will be
increased if the effect of SCR thickness modulation is incor-
porated into the model, because the modulation decreases the
SCR thickness and consequently increases the QNB region.
E. Comprehensive CQNB model
The procedure for calculating the QNB capacitance from
the present comprehensiveCQNB model is as follows. First,
the equilibrium electron and hole concentrations~ 0 and
p0! in the QNB are calculated including the effects of Fermi
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statistics and incomplete ionization discussed in Secs. II B
and II C. These values are then put into the ATE equation to
solve for the minority-carrier distribution(x) in the QNB
under all levels of free-carrier injection. This is followed by
the integration ofn(x) from Xp to XB , which yields
QQNB. Finally, CQNB can be obtained from taking a deriva-
tive of QQNB with respect toVA , which is done numerically
using @QQNB(VA
2)2QQNB(VA
1)#/(VA
22VA
1), where VA
2 and
VA
1 are two voltages with a very small interval.
III. RESULTS AND DISCUSSIONS
We will consider ann/p junction diode with a typical
makeup of 531019 cm23 emitter doping concentration, 0.15
mm emitter layer thickness, 0.1mm base layer thickness, and
three different base doping concentrations varying from 5
31017 to 531018 cm23. Figure 1 showsCQNB vs VA char-
acteristics calculated from the present model. The capaci-
tance is reduced asNA is increased. This is because a smaller
number of the minority free carriers is injected into the QNB
asNA is increased. Also, in the high bias conditions,CQNB
tends to level off at a smaller voltage asNA is decreased.
This is because the level-off phenomenon is caused by the
effect of high-level injection included in the present model,
and high-level injection is more prominent if the doping con-
centration is decreased.
Figure 2 compares the present comprehensive model
CQNB and the conventional modelCQNB,con. The results in-
dicate thatCQNB can be larger or smaller thanCQNB,con de-
pending onNA and VA . Clearly, the neglect of high-level
injection ~i.e.,VA.0.8 V! in the conventional model consid-
erably overestimates the capacitance~i. ., CQNB/CQNB,con
,1!. Also, the conventional model can underestimate and
overestimate the capacitance when the doping concentrations
are relatively high and low, respectively. Overall, the dis-
agreement between the present and conventional models is
relatively small, except for large voltages where high-level
injection prevails. Note that very large ratios are found near
the zero bias voltage. This is due to the fact that, at zero
voltage, the present model yields a very small QNB capaci-
tance, whereas the conventional model yields a zero capaci-
tance. Such a nonzero capacitance, however small, divided
by zero gives rise to the very large ratios shown in Fig. 2. At
VA50, Dn50, andQQNB5n0(XB2Xp) @see Eq.~2!#. Thus,
CQNB5dQQNB/dVA is zero only if Xp is independent of
VA , an assumption used in the conventional model but not in
the present model. The effects of individual physical mecha-
nism on the capacitance are examined in the following
figures.
Figure 3 shows the ratios ofCQNB to CQNB,lo , where
CQNB,lo is the same as the comprehensiveCQNB model except
that the effect of high-level injection is not included. It can
be seen that the capacitance is reduced when high-level in-
jection is considered, and the effect of high-level injection on
CQNB is more prominent asNA is reduced. The reduced ca-
pacitance at high-level injection is caused by the fact that a
FIG. 1. Quasineutral base capacitance of ann/p junction diode calculated
from the present model for three different base doping concentrations.
FIG. 2. Ratio of the present comprehensive model (CQNB) to the conven-
tional model (CQNB,con) calculated for three different base doping concen-
trations.
FIG. 3. Ratio of the present model (CQNB) to the model (CQNB,lo) without
including the effect of high-level injection.
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retarding electric field is created by high-level injection~see
Sec. II A!, which then hinders the free-carrier transport in the
QNB and consequently reduces the free-carrier charge stor-
age in the QNB.
Figure 4 shows the ratios ofCQNB to CQNB,com, where
CQNB,com is the same as theCQNB model except that the
effect of incomplete ionization is not included. At small and
medium voltages, the importance of incomplete ionization of
the capacitance increases with increasing doping concentra-
tion, and the trend is reversed whenVA approaches the junc-
tion built-in potentialVbi . The latter arises becauseVbi ,
which is proportional ton0p0 , is reduced if incomplete ion-
ization is taken into account.
Figure 5 shows the ratios ofCQNB to CQNB,non, where
CQNB,nonis the same as theCQNB model except that the effect
of degeneracy is not included. The results indicate that the
effect of degeneracy reduces the capacitance and is less sig-
nificant at high voltages.
Figure 6 shows the ratios ofCQNB to CQNB,ind, where
CQNB,ind is the same as theCQNB model except that the effect
of SCR edge modulation is not included. Such an effect is
more important if the doping concentration is decreased due
to the fact that a lower base doping concentration increases
the SCR thickness in the base and consequently increases the
SCR edge modulation effect. In addition, such an effect is
shown to have a very small influence on the accuracy of
CQNB except for the case whereVA approaches the junction
built-in potential.
The preceding results have pointed out clearly that in-
complete ionization and degeneracy have opposite effects on
CQNB and thus tend to compensate each other when both
effects are included in the model. Thus, it can be suggested
that, for more accurateCQNB modeling, one should either
include or neglect both incomplete ionization and degen-
eracy effects. On the other hand, the effect of SCR edge
modulation is not so critical inCQNB modeling as long as the
base doping concentration is relatively high.
Figure 7 plots all three capacitances in a typicaln/p
junction diode, including the quasineutral emitter capaci-
tanceCQNE, space-charge region capacitanceCSCR, and the
total capacitanceCtot . While CQNB andCQNE are calculated
from the present comprehensive model,CSCR is obtained us-
ing the conventional depletion capacitance model.2 It can be
seen thatCQNE andCQNB become the dominant components
whenVA is increased beyond 0.8 V.
Finally, the effects of using the conventional and present
models onCtot are investigated. Figure 8 compares the total
capacitances of then/p junction diode obtained from the
present and conventional models. Clearly, the discrepancy of
Ctot calculated using the two models is more noticeable at
high voltages~i.e., more than 0.8 V! where the quasineutral
region capacitance is the dominant component for the total
capacitance. At lower voltages, the slightly larger capaci-
tance obtained from the conventional model stems from the
use of incomplete ionization assumption in the SCR deple-
tion capacitance model. The difference ofCtot obtained from
FIG. 4. Ratio of the present model (CQNB) to the model (CQNB,com) without
including the effect of incomplete impurity ionization.
FIG. 5. Ratio of the present model (CQNB) to the model (CQNB,non) without
including the effect of degeneracy.
FIG. 6. Ratio of the present model (CQNB) to the model (CQNB,ind) without
including the effect of space-charge region thickness modulation.
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the two different models is more clearly illustrated in Fig. 9,
which plots the ratio ofCtot calculated from the present
model to those calculated from the conventional model.
IV. CONCLUSIONS
The quasineutral region capacitance is a main factor in
limiting the switching speed ofp/n junction semiconductor
devices. A comprehensive model for such a capacitance in-
cluding all relevant device physics was presented. Specifi-
cally, the physics included were all-level free-carrier injec-
tion, incomplete impurity ionization, degeneracy, and space-
charge region thickness modulation, all of which were
neglected in the conventional quasineutral region capaci-
tance model. It was found that high-level injection gives rise
to a large discrepancy between the present model and the
conventional model when the device is subject to a high bias
condition. The effects of incomplete impurity ionization and
degeneracy have opposite trends and thus tend to compen-
sate each other when included in the capacitance model. In
addition, it was shown that the effect of space-charge region
thickness modulation is not important for modern devices
with relatively high doping concentrations. The present study
has important implications on the development of more ac-
curate models for simulation of integrated circuits involving
p/n junction semiconductor devices such as bipolar transis-
tors and metal–oxide–semiconductor field effect transistors.
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FIG. 7. The calculated total and individual capacitances in then/p junction
diode, whereNA andND denote the base and emitter doping concentrations,
andXB andXE denote the base and emitter layer thicknesses, respectively.
FIG. 8. Comparison of the total capacitance of then/p junction diode cal-
culated from the present model and the conventional model.
FIG. 9. Ratio of total capacitance calculated from the present model to those
calculated from the conventional model.
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